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Initiated as a cable-replacement solution, short-range wireless power transfer has rapidly 
become ubiquitous in the development of modern high-data throughput networking in 
centimeter to meter accessibility range
1
. Wireless technology is now penetrating a higher level of 
system integration for chip-to-chip and on-chip radiofrequency interconnects
2
. However, 
standard CMOS integrated millimeter-wave antennas have typical size commensurable with the 
operating wavelength, and are thus an unrealistic solution for downsizing transmitters and 
receivers to the micrometer and nanometer scale. In this letter, we demonstrate a light-in and 
electrical-signal-out, on-chip wireless near infrared link between a 200 nm optical antenna and 
a sub-nanometer rectifying antenna converting the transmitted optical energy into direct 
current (d.c.). The co-integration of subwavelength optical functional devices with an electronic 
transduction offers a disruptive solution to interface photons and electrons at the nanoscale for 
on-chip wireless optical interconnects. 
Conventional radiowave and microwave antennas operate a bilateral energy conversion between 
electrical signals and electromagnetic radiations. Integration of these antennas to modern consumer 
electronics is thus widely adopted for long-range and short-range data transfer. Vivid examples are 
communication between mobile devices and remote biosensors for healthcare providers
3,4
. Similar 
sub-wavelength interfacing of optics and electronics is envisioned as an archetype to reduce the size 
of communication devices while maintaining their necessary speed and bandwidth
5,6
. This is a 
daunting task as state-of-the-art electronics is unable to respond to the fast alternating fields 
associated to optical frequencies and the size of photonic components remains orders of magnitude 
larger than their electronic counterparts. Until now, optical antennas have been mainly limited to 
interfacing near-field and far-field radiation by tailoring the momentum of light
7
. 
In 2010, A. Alù and N. Engheta theoretically proposed an optical wireless channel between two nano-
scale antennas
8
. The idea was partially demonstrated by beaming either an excitation signal towards a 
distant luminescent receiver
9
 or by the mediation of surface plasmons
10
. Despite an optimization with 
highly directive antennas
11,12
, the link operates on the basis of a light-in and light-out configuration 
without transduction of the transferred optical energy to an electronic signal.  
Recent progresses show that tunneling nonlinearity in the conduction of an atomic scale tunnel 
junction can rectify the plasmonic response at optical frequencies to d.c. current
13-17
. Immediately, 
these rectifying antennas or rectennas, appear as essential ultrafast devices for merging optics and 
electronics at the nanoscale. Here, we exploit these functionalities on a single platform to realize an 
optical wireless power transmission between an illuminated nanoscale dipolar antenna and a rectenna. 
Figure 1a illustrates the line-of-sight optical channel presented here. The transmitter is a laser-
illuminated gold nanodisk acting as an optical dipole antenna. The radiation broadcasted by the 
antenna is detected and converted to a d.c. current by an electrically biased rectenna.  An optical 
image of the units is shown in Fig. 1b. The Au electrodes powering the rectenna feed-gap and a series 
of optical antennas (black dashed box) are readily seen with a dark contrast. The tunneling feedgap of 
the rectenna is formed by electromigration
18
. Figure 1c is a scanning electron microscopy (SEM) 
image of the white dotted box in Fig. 1b showing the in-plane tunneling junction together with an 
adjacent optical antenna. The electrical characterization confirms the presence of a tunneling transport 
(see methods section). The optical antennas have a fixed diameter of 230±10 nm and are resonant 
with the excitation wavelength
19
. The devices are immersed in a refractive index matching oil to 
operate the link in a homogenous environment. 
Figure 1| Concept and the device characterization. a, Schematic illustration of the optical wireless transducing 
link: an optical antenna is excited by a focused laser beam. The energy radiated by the transmitter antenna is 
detected and converted to an electrical signal by a distant electrically biased receiving rectenna. b, Optical 
transmission image of the functional units. The white dotted box highlights the feed-gap of the rectenna and the 
black dotted frame contains a series of transmitter optical antennas placed at different distances to the rectifying 
gap. c, SEM image of the region highlighted by the white dotted rectangle in b featuring a rectifying nanoscale 
feed-gap between two gold electrodes. d, Plot of the variation of the amplitude of the rectified photocurrent Iphot 
(data points) and of the current proportional to the nonlinearity of junction’s conductance I''=1/4(Vac
2
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) (line 
plots) as a function of applied bias Vdc and for three direct excitation intensities of the rectenna illuminated by a 
focused 785 nm laser. The shared trends between Iphoto and I'' confirm an optical rectification mechanism. The 
upper graph shows the evolution of the differential conductance dG of the tunnel feed-gap with Vdc. 
Let us assume a tunnel junction where the conduction mechanism remains the same over a pulsation 
range 2ac The junction produces a d.c. current I(Vdc) when a bias of V=Vdc is applied between the  
two metal leads. If a small a.c. bias Vac of frequencyac is superposed to Vdc, the total current through 
the junction can be expressed by a Taylor’s expansion20 
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The time-independent term in Eq. 1 indicates the presence of an additional rectified current I'', which 
is proportional to the nonlinearity of the conductance ∂2I/ ∂V2 and V2ac, I''=1/4Vac
2 (∂2I/ ∂V2). 
To describe optical rectification, a quantum mechanical treatment is generally used
21
. When the 
rectenna is illuminated with light of energy , the response builds up an a.c. voltage Vopt of 
pulsation across the junction. This optical potential triggers a photon-assisted tunneling of electrons 
to produce a d.c. photocurrent in addition to the I(Vdc). If eVopt<< , the rectified d.c. photocurrent is 
given by
22,23
 


 For gold and for an excitation energy < 2 eV, the tunneling transmission remains smooth within 
the range EF  , where EF is the Fermi energy
13
. Therefore, Eq. 2 reduces to its classical form 
Iphot=1/4Vopt
2
(∂2I/ ∂V2) with Vopt = Vac and Iphot=I''.
13,24
 
We use a low frequency a.c. voltage and lock-in detection to record the differential conductance 
dG=∂I/∂V, the current proportional to the nonlinearity ∂2I/∂V2 and the laser-induced current Iphot 
13,14,20
. 
The description of the complete measurement system is included in the methods section. The plot of 
differential conductance of the junction dG
 
(Vdc) in the inset of Fig.1d features a zero bias conductance 
of about 10 µS (≈0.13 G0) where G0 is the quantum of conductance (77.5 S). Using Simmons’ 
model
25
, we qualitatively estimate the gap width to be < 0.5 nm (see supplementary info).  In Fig. 1d, 
we plot the bias dependence of I'' (line) and Iphot (points) for three laser intensities directly focused on 
the rectenna feed-gap. For each excitation intensity, Vac is adjusted to obtain Iphot=I'' , indicating that 
the optical voltage generated across the feed-gap equals the low frequency voltage applied between 
the electrodes
13
. From the graph it is evident that Iphot follows I'' suggesting the photocurrent generated 
at the rectenna results from optical rectification. Additional experiments to rule out any thermal 
contributions are presented in supplementary information.  
In the following section, we assess the operation of a wireless link when a remote optical antenna is 
broadcasting a signal towards this transducing rectenna. Figure 2a shows a pixel-by-pixel 
reconstructed photocurrent map generated by the rectenna. The laser excitation is polarized along Y 
axis (0°) and the sample is scanned through the focal area (step size 70 nm). Vdc is fixed at 50 mV and 
the laser intensity at 353 kWcm
-2
. The important conclusion drawn from the current map is the 
presence of a rectenna response whenever the laser excites a remote optical antenna with a range 
exceeding several micrometers. When the polarization is turned by 90° (X-axis), the photocurrent 
generated at the rectenna vanishes nearly completely (Fig. 2b). To confirm the transduction of the 
signal radiated by the optical antennas, we station the laser on an optical antenna 4 µm away from the  


 Figure 2| Polarization response of the optical rectenna receiving an electromagnetic signal emitted from 
individually excited optical antennas. a, Photocurrent map generated by the rectenna reconstructed pixel-by-pixel 
by scanning the optical antennas through the laser focus.  The scanned region is indicated by the black dotted 
rectangle in Fig. 1b.  The incident polarization is along the vertical direction (0) for excitation intensity of 353 
kWcm-2.  b,The same region for an incident polarization along the horizontal direction (90). Vdc is constant at 50 
mV. c, Plot of Iphot and Vopt as a function of incident polarization for individual excitation of a nanodisk which is 
4m away for an excitation laser intensity 540 kWcm-2.  
rectenna (2
nd
 antenna from the right in Fig. 1b) and simultaneously monitor Iphot and I'' as a function of 
Vdc while varying the polarization. The intensity of the laser is here 540 kWcm
-2
. For all the incident 
polarizations, Iphot follows I'' proving thus the Iphot signal is optically rectified (see supplementary 
info.). The value of Vac for conditioning Iphot=I'' is recorded as a measure of the optically induced a.c. 
voltage Vopt at the feed-gap. The evolution of Iphot and Vopt as a function of the incident laser 
polarization is plotted in figure 2c for a bias Vdc=50 mV. It is clear that rectification process is 
suppressed as the polarization is turned by 90
o
. To verify that Iphot does not originate through any 
optically-induced changes of the conductance
19
, we map dI/dV at the frequency of the optical chopper 
(see supporting info). No measurable contrast can be related to the photocurrent maps presented in Fig 
2a. 
Numerical simulations based on a three-dimensional finite element method (3D-FEM) bring an 
understanding of the polarization dependence of the rectified signal. The rectenna is modeled by two 
Au triangles separated by a distance of 10 nm except at the middle where a small protrusion on the 
bottom electrode reduces the gap size to 0.5 nm. A 220 nm diameter Au nanodisk is placed 4 m 
away from the feed-gap. The entire geometry is placed inside a homogeneous medium of refractive 
index 1.52. When excited by a linear polarization at 785 nm, the disk behaves as a dipolar resonant  
Figure 3| Numerical simulations of the polarization dependence of the wireless power transfer. a,  Schematic of 
the operation principle of the wireless link when a transmitting antenna is illuminated with a laser polarized along 
y-axis. For this incident polarization, the dipolar radiation from the nanodisk is directed towards the receiving 
antenna. b, Calculated distribution of the electric field, plotted in log scale, for an incident polarization along y-
direction. The white circle indicates the size of the excitation spot, here considered as 1 µm in diameter. c, 
Zoomed image of the electric field distribution present at the feed-gap of the rectenna. d, Same configuration with 
an incident polarization along x-axis. The disk radiates in the orthogonal direction and hence the rectenna 
receives minimum amount of the transmitted energy. e, and f, are the electric field maps for an incident 
polarization along the x-axis. For clarity, the electric field in f is multiplied by a factor 5. The optical electric field 
created at the gap decreases drastically when the signal emitted by the antenna is not directed toward the 
rectifying feed-gap.   
antenna radiating its characteristic two-lobe pattern perpendicularly to the incident electric field. 
Figures 3a and d are schematic representations picturing the dipolar radiation for two orthogonal in-
plane polarizations. Figure 3b is the calculated electric field distribution plotted in logarithmic scale 
when the antenna is illuminated (the white circle indicates the excitation area) with a polarization 
along the y-axis. Clearly, the optical antenna redirects the far-field radiation towards the rectenna 
feed-gap. The interaction of this radiation with the tunneling gap results in a very high electric field at 
the junction, enhanced by a factor of approximately 18 compared to the excitation field, which is 
illustrated in the zoomed-in electric field map in Fig. 3c.  When the dipolar radiation is broadcasted 
perpendicularly to the receiver (Fig. 3d), the electric field at the junction is minimal (Fig. 3e and 3f), 
explaining the vanishing photo-response of Fig. 2d.  
When a transmitter and a receiver constituting a wireless link are separated by a distance d, the 
received power is given by Friis equation
26
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Pfed is the power fed to the transmitter, ex is the operational wavelength, r and t are the radiation 
efficiencies, Dr and Dt are the directivities, r andtare the reflection coefficients, ar  and at represent 
the polarizabilities of the receiving and the transmitting antennas, respectively. We first analyze the 
distance dependence of the optical wireless link. The evolution of the amplitude of the rectified 
current is plotted in Fig. 4a as a function of the distance d separating the antenna to the receiving 
rectenna. Iphot (data points) is fitted with a generic power law function ad
b
+c where a represents the 
coupling strength between the two units and c is the dark photocurrent of the device (≈0.32nA). The 
best fit gives an exponent b=-1.8, which is close to the expected inverse square law dependence (Eq. 
3). The slight mismatch may be due to the inevitable deviations in the antenna geometry, 
misalignment and interferences due to the presence of other antennas in the line-of-sight (see suppl. 
info). We also record the evolution of Vopt  as a function of d, which is shown as the red plot in Fig. 4a. 
This is done by focusing the laser individually on each antenna and varying Vac to equalize Iphot and I'' 
for a sweep of Vdc across -0.1 V to 0.1 V(see the supplementary info.). The data are also fitted with a 
power law with a similar expression. Here c again indicates the noise level, which comes around 6.5 
mV. The best fit gives b= -0.85 (red solid plot), which is close to -1. This is expected, as Iphot is 
proportional Vopt
2 
(Eq. 2). In the supplementary information, we corroborate the experimental distance 
dependence with FEM based numerical simulations by calculating the junction’s electric field as a 
function of d. As indicated in Eq.3, the amount of power transferred not only depends on the distance, 
but also on parameters that are influenced by the geometry of the antenna
7,27
. We thus explore the  
 Figure 4| Characteristics of the optical wireless power transfer. a, Dependence of Iphot and Vopt on the 
distance between the illuminated optical antenna and the rectenna for an excitation intensity of 352 kW.cm
-2
. The 
solid black and red plot indicates the best fit obtained by using a generic power law function (d
b
+c). For 
comparison, d
-2
 and d
-1
 dependences for Iphot and Vopt are also shown as black and red dashed plots, 
respectively. b, Plot of Iphot as a function of excitation laser intensity for all the antennas. The data are recorded 
for Vdc=50 mV. 
influence of the gap size g, and the effect of an off-resonant antenna. These results together with an 
estimate of the transduction yield of the interconnect are also presented in the supplementary. 
Finally, we plot in Fig. 4b the dependence of measured rectified photocurrent on the excitation laser 
intensity for each remote transmitting antenna for Vdc= 50 mV. Regardless of the distance, the 
photocurrent scales linearly with the power fed to the optical antennas in agreement with Eq. 3. 
In conclusion, we demonstrate an on-chip nanoscale optical wireless link between an laser-illuminated 
optical antenna and a transducing rectenna. In our experiments, gold nanodisks act as a polarization-
sensitive transmitting antenna broadcasting the laser radiation towards the rectifying gap antenna. The 
amount of power transferred maintains an inverse square relation with the distance between the 
transmitting antenna and the rectenna. In addition to this, the geometrical properties of the 
participating units contribute to the yield of power transfer. Further improvement in the efficiency of 
transmission can be achieved by integration of highly directional optical antennas and a resonant feed. 
An integrated wireless transmission enables a new communication strategy between nanoscale 
devices where physical links cannot be implemented. The wireless link can immediately be applied to 
develop ultrafast optical switches. The plasmonic response of the rectenna results in a large 
enhancement of the optical field at its atomic scale feed-gap, which makes it an excellent candidate 
for realizing transistor operations. Transmission rates in excess of 10
12
 Mbs
-1
 are achievable as the 
plasmonic response of the gap is defined by the polarizability response of the metal and not by carrier 
life time as in semiconductors
28
.  Recent progresses show that the electrically driven tunneling 
junctions can act as ultrafast broadband self-emitting devices
29-31
. Therefore, integration of wireless 
link between an electrically driven optical antenna with a transducing rectenna may enable ultrafast 
information broadcasting. Such devices will represent a paradigm for on-chip interfacing of electrons 
and photons at the nanoscale.  
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Methods 
Sample preparation 
The samples are prepared on a glass coverslip by double step lithography involving electron beam 
lithography (EBL) and photolithography. First the Au nanodiscs of diameter (220±10 nm), nanoscale 
constrictions of length 400nm and width 100nm between large triangular Au structures and alignment 
marks are fabricated by EBL. For this, we spin coat a 250 nm thick double layer PMMA (50kDa and 
200kDa) and then sputter a sacrificial gold conductive layer on it to avoid charging during electron 
beam exposure. Once the PMMA is exposed and developed, a 2nm thick Ti as adhesion layer and 
45nm thick Au are subsequently deposited through thermal evaporation. The excess metal is then 
lifted off to obtain the final nanostructures.  Then the macroscopic gold electrodes are designed via 
standard optical lithography. During this step, alignment marks are used to align the samples 
coordinate with the coordinate system of the photolithography mask. Once the nanostructrures and 
electrical connections are fabricated, we produce the nanoscale gap-antenna by controlling the 
electromigration of the constriction. The electromigration is stopped once the zero bias d.c. 
conductance reaches to a value lower than quantum conductance (G0=77µS). The presence of a 
tunnelling gap is confirmed by its nonlinear I-V characteristics. 
 
Electrical and Optical measurements 
The schematic of the experimental setup we use for the optical and electrical characterizations, 
presented in the paper is illustrated in the supporting information.  We focus the 785nm wavelength 
laser on the sample through an oil immersion objective lens of numerical aperture (NA) 1.49. During 
the whole experiment, nanostructures are immersed in refractive index (RI) matching oil of RI=1.52. 
For electrical measurements, the sample is biased with an applied d.c. bias Vdc added with a small 
modulation a.c. voltage Vaccos1t at Vac=20mV where f1=1/2π = 12.37 kHz is the modulation 
frequency. A first lock in amplifier referenced at f1 and 2f1 is used to simultaneously record the first 
harmonic (I/V) and second harmonic (1/4 Vac
2
 2I/V2), of the current tunneling through the gap. 
The first harmonic is proportional to the differential conductance and second harmonic signifies 
nonlinearity in the junction’s conductance. To extract the laser-induced current Iphot the laser beam is 
chopped by a chopper at frequency fchop= 831 Hz and the tunnelling current is demodulated at fchop 
using a second lock-in amplifier. Therefore with this arrangement, I(Vdc), ∂I/∂V, ∂
2
 I/∂V2 and Iphot can 
be measured simultaneously as a function of Vdc. For mapping, the sample is scanned through the 
laser spot by the moving the sample with a linearized piezoelectric stage. 
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S1. Description of the experimental setup 
The experimental setup is built on an inverted microscope (Nikon). A 785nm wavelength laser is 
focused on the sample through an oil immersion objective lens with a 1.49 numerical aperture (NA). 
During the whole experiment, the nanostructures are immersed in refractive index (RI) matching oil 
of RI=1.52. For electrical measurements, the sample is biased with an applied dc bias Vdc added with a 
small modulation ac voltage Vaccosact  at Vac=20mV where fac=ac/2π = 12.37 kHz is the modulation 
frequency. A first lock in amplifier referenced at fac and 2fac is used to simultaneously record the 1
st
 
harmonic (I/V) and 2nd harmonic (1/4 Vac
2
 2I/V2), of the current through the gap. The 1st harmonic 
is proportional to the differential conductance and 2
nd
 harmonic signifies nonlinearity in the junction’s 
conductance. To extract the laser-induced current Iphot the laser beam is chopped by a chopper at 
frequency fchop= 831 Hz and the tunnelling current is demodulated at fchop using a second lock-in 
amplifier. Therefore with this arrangement, I(Vdc), ∂I/∂V, ∂2I/∂V2 and Iphot can be measured 
simultaneously as a function of Vdc. Also in relevant cases, for monitoring the laser induced change in 
the differential conductance, we demodulate the I/V signal at the frequency of the chopper  fchop. For 
mapping, the sample is scanned through the laser spot by the moving the sample with a linearized 
piezoelectric stage. Figure S1 schematically represents the experimental arrangement.  
 Figure S1| Schematic representation of the experimental arrangement for optical and electrical characterization 
 
 
 
 
 
 
 
 
 
 
 
 
S2. Gap size estimation using Simmons’ model 
We estimate the gap width of the electromigrated tunnel junction by analyzing the experimentally 
recorded nonlinear I-V characteristics using the general expression to calculate the tunneling current 
through metal-insultor-metal (MIM) system provided by John G. Simmons.
1,2
 Figure S2a is an energy 
diagram illustrating the electron tunneling through a MIM junction polarized by a bias Vdc. Here, , 
are the Schottky barrier heights of the metal on the left side and the right side of the MIM interface 
and EF represents the Fermi energy. Following the interpretation provided by Brinkman et al, the 
simplified expression for the tunneling current (I) through such a junction is given by,
3
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Where, 
2
21 

  and 21   in eV represent the average barrier height and the asymmetry 
in the barrier height on the both side of the MIM junction. In the equation S1, A in nm
2
 is the cross-
section of the junction and g in Å is the gap width.  
In our experiment, we expect a very minimal asymmetry in the barrier height over the gap since the 
material on both sides is similar. However, a residual asymmetry is generally observed
4,5
, which 
probably results from a geometry-dependent modification of the barrier height
6
. In general, for bulk 
Au-SiO2 interface the height of the Schottky barrier is around 4.5eV as SiO2 has an electron affinity of 
0.75eV
7
. However, in case of atomic scale MIM gaps, formation of image charges at the metal-
insulator interfaces result in significant lowering of the height of the barrier
8-10
. Likewise, the Ti 
adhesion layer evaporated between the glass substrate and the Au may form an oxide, which would 
also reduce the effective barrier height. Based upon a representation of the I-V characteristics in the 
form of a Fowler-Nordheim plot, Frimmer et al. suggested a tunneling transport through the TiO2
11
. 
However, interpretation of transition voltage spectroscopy as a measure of the barrier height is 
debated
12
.  
We include all these aspects into our calculation to estimate all the parameters (g,and) by fitting 
the experimentally recorded I-V characteristics curve with equation S1 upon fixing the cross section 
area A to a constant value. It is experimentally difficult to infer A as electron microscopy provides a 
general configuration of the junction but failed to indicate where tunneling is really occurring. Figure 
S2b shows the fitting (red plot) of the experimentally recorded I-V plot (black data points) assuming a 
cross-section of 100 nm
2
 (an active area which is 10 nm thick and 10 nm wide) which results in an 
estimation of the gap width g=3.99Å with and -0.59eV. In Fig. S2c, we plot the evolution 
of all the parameters as a function of various cross section areas. From these calculations, we 
conclude that the tunneling gap has a width lower than 5 Å. 
 
Figure S2| Estimation of the electromigrated junction gap width. a Energy diagram illustrating the electron 
tunneling through an atomic scale MIM junction under applied bias Vdc. b nonlinear I-V characteristics of the 
electromigrated junction used in our experiment. The black data points represent the experimentally measured I-
V characteristics of the junction. The red plot is the Simmons’ formula fit of the experimental data with fitting 
parameters A=100 nm
2
,  eV, =-0.59eV and g=3.99Å. c Evolution of all the fitting parameters (and g) 
as a function of cross section area A. The points highlighted by yellow color indicate the set of parameters 
obtained from the fit represented in Fig. S2b. 
 
 
 
S3. Characterization of thermal contributions in optically rectified current 
As discussed in the main manuscript, optical rectification process takes place when the feed-gap 
receives a radiation, either by a direct illumination or via the mediation of a distant antenna. When the 
junction is directly illuminated, the photocurrent can be largely dominated by laser-induced thermal 
effects i.e., thermal expansion of the metallic electrical leads forming the gap and building up of 
thermo-voltage
13,14
 as well as tunneling from photo-excited carriers crossing the barrier height 
15
. 
Laser-induced thermal contributions are expected when the metallic electrodes absorb part of the 
incoming energy flux and may be observed in Iphot map
4,13
 even if the feed-gap is outside the excitation 
area. Let us consider first a laser-induced expansion of the Au electrodes resulting in a reduction of 
the gap width. The rise in the electrical conductance of the device leads to an increased current 
flowing through the circuit whenever the laser is positioned on the metallic electrodes. The exact 
contribution depends on the absorption cross-section of the electrode receiving the incoming light. 
Furthermore, the absorption of the laser by either of the electrodes creates a temperature gradient 
across the feed gap leading to a built-up thermo-voltage. However, when the gap is symmetrically 
illuminated with a centered laser beam, the temperature on both sides is approximately the same and 
the thermoelectric response is mitigated. Therefore, the effect of a thermo-voltage should be 
predominant in the Iphoto map when the laser is positioned on the metal electrode away from the 
junction. 
Direct illumination of the feed-gap 
To confirm that the measured photocurrent is created through an optical rectification process, we 
perform a series of experiments to characterize and rule out these thermal effects. First, we record a 
photocurrent map by scanning the feed-gap through the focused spot at an applied bias Vdc=0V. As 
can be seen from the map in Fig. S3a, we observe approximately zero photocurrent when the laser is 
exactly focused on the gap. This is expected as at Vdc=0 V, the nonlinearity of the conductance is 
small and the rectification is thus minimal (Iphot=1/4Vopt
2
(∂2I/ ∂V2) as discussed in main manuscript). 
Also absence of a response in Iphoto at the gap suggests that any thermal expansion of the electrodes 
can be ruled out. Because the metal electrodes are physically strongly bound to the glass surface, 
thermal expansion is consequently negligible. Furthermore, the tapered geometry of the electrodes 
acts as a heat sink and is thus more efficient at dissipating the absorbed energy. In the light of the 
small but measurable asymmetry of the I-V characteristics, the absence of photocurrent when the 
feed-gap is illuminated also suggests that tunneling of photo-excited carriers above the energy barrier 
is an unlikely process contributing to the photocurrent. Figure S2a shows an inversion of the sign of 
Iphoto when the top or bottom electrode is irradiated by the focused laser. This inversion of the contrast 
is a clear signature of a thermo-voltage developing across the gap
4,13,16
. These signatures are also 
present in the Iphoto maps shown in Fig. S3b and c where applied biases are -50 mV and +50 mV. For 
nonzero applied biases, we observe an enhancement in Iphot response when the laser is positioned on 
the gap. The fact that the sign of the photocurrent at the gap follows the sign of the applied bias 
further proves that this is originated through optical rectification. Therefore, we can conclude from 
this experiment that when the metal-insulator metal junction is illuminated symmetrically with a 
centered laser beam, only optical rectification is predominant and recorded photocurrent is devoid of 
any thermal contributions from the laser.   
 
 
Figure S3| Photocurrent map for direct exposure of the electromigrated junction. a, Iphot map for a zero 
applied dc bias (Vdc=0 V). There is no sign of rectification when the laser is focused on the junction but thermally 
induced current is visible when laser is focused on one of the electrodes away from the junction. b, and c, are 
Iphoto map of the same area for an applied dc bias of Vdc=-50 mV and +50 mV respectively. For these, optical 
rectification is apparent when the laser is focused exactly on the gap. The rectified current follows the sign of the 
applied d.c. bias. 
 
Illumination of the transmitter antennas 
To complement the above experiment we monitor the change in I/V at fchop when adjacent 
nanoantennas are illuminated. Laser-induced thermal variation of the conductance should modulate 
the recorded photocurrent
13
. We simultaneously map the Iphot signal and I/V, both at fchop by 
scanning the laser through the area comprising the optical antennas as presented in Fig. S4a and b, 
respectively. The incident polarization of the laser is kept along the vertical axis for the entire 
experiment (maximized rectenna’s detection). It is evident from these maps that we could not measure 
a change even down to 10
-5 
level in the conductance map which can be correlated to the recorded Iphot 
signal. Therefore, we can infer from this experiment that the recorded photocurrent when the 
nanodisks are illuminated is produced through the optical rectification of the transmitted radiation and 
not due to any laser-induced modulation of the junction conductance. 
 
 
Figure S4 : a Iphot map presented in Fig. 2a of the main manuscript. b Simultaneously acquired map of dI/dV 
demodulated at the frequency of the optical chopper. No measureable contrast in this image can be related to the 
Iphot map. This indicates that the photocurrent are devoided of any laser induced conductance change of the Au 
feed-gap. 
 
S4. Vopt vs incident polarization measurement.  
To measure the optically induced a.c. voltage drop Vac at the gap, we focus the laser on an individual 
optical antenna located 4m away from the junction and simultaneously monitor I'' and Iphot as a 
function of applied bias Vdc while varying the incident polarization from 0° to 90°. The laser intensity 
is kept at 540 kW cm
-2
 for the whole experiment. For each incident polarization, Vac is adjusted in 
such a way so that Iphot follows I'' for the entire Vdc sweep. This is only possible when the optical 
rectification is the main mechanism behind Iphot. The results are plotted in Fig. S5. Here data points 
represent the amplitude of Iphot and the lines are I'' for the corresponding cases. The value of Vac for 
which we obtain Iphot=I'' is recorded as the Vopt in the main manuscript.  
 
 
Figure S5| Vopt measurement. Evolution of Iphot and I'' for a Vdc sweep for different incident polarizations and a 
laser intensity of 540 kWcm
-2
. The data points represent Iphot and the lines represent I'' in each plot. For each 
polarization, Vac is tuned so that Iphot and I'' are of same amplitude. The value of Vac for conditioning Iphot=I'' is 
recorded as Vopt in the main manuscript. 
 
S5. Vopt vs distance measurement and transduction yield of wireless link. 
We record the Vopt as a function of distance as shown in Fig 4a. of main manuscript by individually 
focusing the laser on each of the antenna and varying Vac to obtain the situation when Iphot=I'' for the 
entire range of the sweep of Vdc across -0.1V to +0.1V. The experimental data for three nanodisks are 
shown in Fig S6. The transduction yield increases as we increase the applied d.c. bias to the junction. 
This is expected as the nonlinearity of the conductance of the rectenna increases as we raise Vdc. 
 We also estimate the transduction yield, which is a measure of what fraction of the incident laser 
power is converted to electrical power through rectification. The transduction yield indBmcan be 
given by the following equation, 

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 where G is the conductance of the MIM junction.  
 
 
Figure S6 | Variation of Iphot and I'' as a function of Vdc for three distant optical antennas 
 
We estimate -91 dBm for a radiation transmitted by the antenna situated 2 µm away and Vdc= 
50mV. Raising Vdc to 100mV improves the transduction yield to -87 dBm.  Here is the overall 
efficiency of the link including signal propagation and transduction. In radio-frequency wireless 
communication, the quality of the transmitted signal is evaluated by the received signal strength 
indicator (RSSI) measured at the reception node before transduction. RSSI comprised between -70 
dBm to -100 dBm benchmark the transmission channel as good to fair.  
 
 
 
 
 
 
S6. Numerical simulations of distance and geometrical parameter dependence of the junction 
electric field at the rectenna feed-gap. 
 
Figure S7| Numerical simulation of the distance and geometrical parameter dependence of the junction 
electric field at the rectenna feed gap. Simulated results of the electric field amplitude at the feed-gap vs d for 
different combinations of gap widths and antenna diameters. The power law fits (line plots) always converge to 
an exponent close to -1. The field amplitude decreases as we increase the gap width and an off-resonant 
antenna (D=120nm) instead of the resonant one (D=220nm). 
We corroborate our experimental distance dependence of the rectified current and optically induced 
voltage drop at the junction (Fig. 4a of main manuscript) with 3 dimension- finite element method 
(3D-FEM) based calculation of the electric field created at the rectenna’s feed-gap for varying 
distance d between the rectenna and the nanodisk. The normalized electric field produced at a gap size 
of 0.5 nm and a 220 nm transmitter antenna is presented in Fig. S7 (black data points). The power law 
fit to the distance dependence (black line) converges to an exponent close -1, which supports the 
experimental dependence of Vopt.  
As indicated in Eq. 3 in the main manuscript, the amount of power transferred not only depends on 
the distance, but also on parameters that are influenced by the geometry of the antenna
17,18
. We thus 
explore the influence of the gap size g, and the effect of an off-resonant antenna. Fig. S7 indicates that 
the electric field at the feed-gap is larger for sub-nm separation. However, our calculations do not take 
into account quantum-size effect
19
, which may limit the amplitude of the electrical field. Broadcasting 
the optical signal with a non-resonant antenna of diameter D=120 nm also leads to a reduced electrical 
field at the transducing feed-gap. The presence of other nanodisks in the path transmission is minimal 
and discussed in the following section.   
S7. Effect of the presence of other antennas in the line-of-sight. 
 
Figure S8| Effect of the presence of adjacent antennas in the path of transmission. a The electric field 
distribution around the nanostructures when a nanodisk at a distance of 6m is excited in presence of other 
nanodisks in the transmission path. b The red plot represents the electric field values derived when the 
calculation does not include any antennas placed in line-of-sight. The black data points represents the calculated 
electric field values when 5 nanodisks are always present in the simulation geometry and each of them is excited 
individually. 
In this section, we numerically estimate the effect of the presence of other nanodisks in the path of 
transmission towards the rectenna on the field localization at the rectenna feed-gap. For that, we place 
five antennas at incremental distances from the rectenna with a step size of 2 m. We calculate the 
normalized electric field at the junction by illuminating one of these antennas at a time with the 
vertical incident polarization. In Fig. S8a, we plot the calculated field distribution around the 
structures in logarithmic scale when an optical antenna located 6 m away from the feed-gap is 
excited. It is clear that the presence of the nanoparticles induces additional scattering of the field 
radiated from the excited element. In the plot of Fig. S8b, we compare the calculated electric field 
values (black data points) with the values (red plot) determined when the calculations do not include 
other disks in the line of sight (Fig. S7). The electric field decreases slightly and at maximum 17% 
reduction is observed for the disc which is 10m away from the junction. The transmitted radiation is 
thus shadowed due to the presence of scattering elements in the path to the rectenna, but the effect is 
minimal in this scenario. 
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